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A 21-month deployment to Graciosa Island in the northeastern Atlantic Ocean  
is providing an unprecedented record of the clouds, aerosols, and  
meteorology in a poorly sampled remote marine environment.
CLOUDS, AEROSOLS, AND 
PRECIPITATION IN THE  
MARINE BOUNDARY LAYER
An ARM Mobile Facility Deployment
BY ROBERT WOOD, MATTHEW WYANT, CHRISTOPHER S. BRETHERTON, JASMINE RÉMILLARD, PAVLOS KOLLIAS, 
JENNIFER FLETCHER, JAYSON STEMMLER, SIMONE DE SZOEKE, SANDRA YUTER, MATTHEW MILLER, DAVID MECHEM, 
GEORGE TSELIOUDIS, J. CHRISTINE CHIU, JULIAN A. L. MANN, EWAN J. O’CONNOR, ROBIN J. HOGAN,  
XIQUAN DONG, MARK MILLER, VIRENDRA GHATE, ANNE JEFFERSON, QILONG MIN, PATRICK MINNIS,  
RABINDRA PALIKONDA, BRUCE ALBRECHT, ED LUKE, CECILE HANNAY, AND YANLUAN LIN
T he complex interactions among clouds, aerosols,  and precipitation are major sources of uncer-  tainty in our ability to predict past and future 
climate change (Lohmann and Feichter 2005; Stevens 
and Feingold 2009; Quaas et al. 2009; Isaksen et al. 
2009). Marine low clouds are particularly susceptible 
to perturbations in aerosols because they are spatially 
extensive (Warren et al. 1988), are relatively opti-
cally thin (e.g., Turner et al. 2007; Leahy et al. 2012), 
and often form in pristine air masses (Platnick and 
Twomey 1994). Increases in aerosol concentrations 
due to anthropogenic emissions lead to increases 
in cloud droplet concentration that increase cloud 
brightness by increasing the overall surface area of 
droplets. These aerosol indirect effects (AIEs) are the 
dominant contributor to the overall aerosol radiative 
forcing in most climate models, yet they are extremely 
poorly constrained and can vary by a factor of 5 across 
models (Quaas et al. 2009).
Climate models indicate that a major fraction of 
the global aerosol indirect radiative forcing signal is 
associated with marine low clouds (Quaas et al. 2009; 
Kooperman et al. 2012, Fig. 3), which are poorly simu-
lated in climate models (Zhang et al. 2005; Wyant 
et al. 2010). A range of models from simple theoretical 
models to sophisticated cloud-resolving simulations 
all indicate that the Twomey effect (increased cloud 
reflectance stemming from the reduction of drop size 
by condensation on a larger number of nuclei) is by 
itself insufficient to explain how low clouds respond 
to changes in aerosols. They show that a significant 
fraction of the overall aerosol indirect effect may be 
related to precipitation suppression by aerosols and 
its impact upon the turbulent kinetic energy and 
moisture budget of the boundary layer (Albrecht 
1989; Ackerman et al. 2004; Lohmann and Feichter 
2005; Penner et al. 2006; Wood 2007). Because a 
significant fraction of the precipitation falling from 
low clouds evaporates before reaching the surface 
(Comstock et al. 2004), this adds additional com-
plexity to the ways in which precipitation can impact 
cloud dynamical responses to aerosols.
Recent field measurements are shedding impor-
tant new light on the factors controlling precipitation 
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rates in marine low clouds and particularly the role 
that aerosols may play in suppressing it (Wood 2005; 
Geoffroy et al. 2008; Wood 2012; Terai et al. 2012). 
These studies all show that, for a given amount of 
condensate or cloud thickness, precipitation from 
low clouds decreases with increasing cloud droplet 
concentration. However, existing field datasets are 
statistically limited by a relatively low number of 
cases. As such, it has proven challenging to fully 
understand the role of precipitation suppression by 
aerosols. Spaceborne cloud radar overcomes some 
of these sampling limitations and provides evidence 
that light precipitation is susceptible to increased 
concentrations of droplets (e.g., Kubar et al. 2009; 
Wood et al. 2009) and aerosols (L’Ecuyer et al. 2009). 
However, current spaceborne radar data suffer some 
limitations such as low sensitivity, low vertical resolu-
tion, and near-surface ground clutter contamination. 
In addition, spaceborne aerosol column-integrated 
aerosol optical property retrievals do not necessar-
ily provide good constraints on cloud condensation 
nuclei concentrations (Liu and Li 2014). There is, 
therefore, a need to increase our surface sampling of 
aerosol–cloud–precipitation processes using state-of-
the-art remote sensing in conjunction with ground-
based in situ measurements of aerosol optical and 
cloud-forming properties.
The need for improved long-term but compre-
hensive measurements at a marine low-cloud site 
motivated the Clouds, Aerosol, and Precipitation in 
the Marine Boundary Layer (CAP-MBL; www.arm 
.gov/sites/amf/grw) deployment of the U.S. Depart-
ment of Energy Atmospheric Radiation Measurement 
Program (ARM) Mobile Facility (AMF) to the island 
of Graciosa in the eastern Atlantic Ocean. Graciosa 
is a small island (~60-km2 area) situated at 39.1°N, 
28.0°W in the Azores Archipelago (Fig. 1), at a latitude 
that straddles the boundary between the subtropics 
and the midlatitudes. As such, Graciosa is subject 
to a wide range of different meteorological condi-
tions, including periods of relatively undisturbed 
trade wind flow, midlatitude cyclonic systems and 
associated fronts, and periods of extensive low-level 
cloudiness. Measurements were made from April 
2009 to December 2010.
CAP-MBL was designed to gather an extended 
record of high-quality data on clouds and aerosol 
properties in a remote marine environment needed 
to improve the treatment of clouds and aerosols in 
climate models. An important additional consid-
eration for the deployment is the ability to provide 
high-quality ground-based remote sensing and in situ 
data that can be used in conjunction with spaceborne 
remote sensing to provide improved mapping and 
understanding of the properties of marine low clouds 
over the remote oceans. The CAP-MBL deployment’s 
continuous record also allows for greater statistical 
reliability in the observed relationships between aero-
sols, clouds, and precipitation than is possible with air-
craft yet retains the advantages of in situ sampling of 
aerosol properties that are difficult to constrain with 
satellite data. Table 1 lists the key science questions 
that the CAP-MBL deployment is designed to address.
OBSERVATIONS. Table 2 details the suite of 
remote sensing instrumentation deployed as part 
of the campaign, and Table 3 describes the in situ 
measurements. These tables also provide informa-
tion describing the physical variables derived from 
the instrumentation. The AMF measurements were 
AFFILIATIONS: WOOD, WYANT, BRETHERTON, FLETCHER, AND STEMMLER—
Department of Atmospheric Sciences, University of Washington, 
Seattle, Washington; RÉMILLARD AND  TSELIOUDIS—Columbia University, 
New York, New York; KOLLIAS—McGill University, Montreal, Quebec, 
Canada; DE SZOEKE—Oregon State University, Corvallis, Oregon; 
YUTER AND MILLER—North Carolina State University, Raleigh, North 
Carolina; MECHEM—University of Kansas, Lawrence, Kansas; CHIU, 
MANN, AND HOGAN—University of Reading, Reading, United Kingdom; 
O’CONNOR—University of Reading, Reading, United Kingdom, and 
Finnish Meteorological Institute, Helsinki, Finland; DONG—University 
of North Dakota, Grand Forks, North Dakota; MILLER—Rutgers, The 
State University of New Jersey, New Brunswick, New Jersey; GHATE—
Argonne National Laboratory, Lemont, Illinois; JEFFERSON—CIRES, 
University of Colorado Boulder, Boulder, Colorado; MIN—University 
at Albany, State University of New York, Albany, New York; MINNIS—
NASA Langley Research Center, Hampton, Virginia; PALIKONDA—
Science Systems and Applications, Inc., Hampton, Virginia; ALBRECHT—
University of Miami, Coral Gables, Florida; LUKE—Brookhaven 
National Laboratory, Upton, New York; JANNAY—National Center 
for Atmospheric Research,* Boulder, Colorado; LIN—Ministry of 
Education Key Laboratory for Earth System Modeling, Center for 
Earth System Science, Tsinghua University, Beijing, China
* The National Center for Atmospheric Research is sponsored by 
the National Science Foundation.
CORRESPONDING AUTHOR: Robert Wood, Department of 
Atmospheric Sciences, University of Washington, P.O. Box 351640, 
Seattle, WA 98195
E-mail: wood.jcli@ametsoc.org
The abstract for this article can be found in this issue, following the table 
of contents.
DOI:10.1175/BAMS-D-13-00180.1
In final form 23 May 2014
©2015 American Meteorological Society
420 MARCH 2015|
TABLE 1. The primary science questions addressed during CAP-MBL.
• Which synoptic-scale features dominate the variability in subtropical low clouds on diurnal to seasonal  
time scales over the northeast Atlantic?
• Do physical, optical, and cloud-forming properties of aerosols vary with the synoptic features?
• What is the variability in precipitation frequency and strength in the subtropical cloud-topped MBL on  
diurnal to seasonal time scales, and is this variability correlated with variability in aerosol properties?
• Can we find observational support for the Twomey effect in clouds in this region?
• Are observed transitions in cloud mesoscale structure (e.g., from closed cellular to open cellular convection) 
influenced by the formation of precipitation?
• How well can state-of-the-art weather forecast and climate models (run in forecast mode) predict the  
day-to-day variability of cloud cover and its radiative impacts?
FIG. 1. (a) Map of Graciosa Island showing terrain elevation and the location of the AMF site at the airport 
approximately 2 km west of the main town, Santa Cruz de Graciosa. (b) Map showing the location of the Azores 
in the North Atlantic. Colors show the annual-mean cloud droplet concentration for warm, overcast clouds as 
observed by the Moderate Resolution Imaging Spectroradiometer (MODIS) on the National Aeronautics and 
Space Administration (NASA) Terra satellite. The Azores receives a diverse range of air masses from North 
America, from the Arctic, and from northern Europe. (c) Photograph of the AMF site looking to the southeast. 
(d) Map of the location of Graciosa (and Pico) in the Azores Archipelago.
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all situated at the airport on the northern, low-lying 
side of the island. Of all the instruments, perhaps 
most important for CAP-MBL are the 95-GHz  radar, 
the ceilometer, and the microwave radiometer which 
together provide critical information on cloud bound-
aries, light precipitation, and condensate amounts. 
The frequent soundings provide important informa-
tion about marine boundary layer (MBL) structure 
needed for model evaluation and to initialize process 
models. The cloud condensation nucleus counter, 
which is part of the ARM Aerosol Observing System, 
is a critical measurement to provide constraints on 
the different aerosol influences on clouds. Figure 1 
shows the location of the measurements on Graciosa 
and the broader Azores Archipelago. In addition, 
during summer 2010, a small radiation platform was 
deployed at a trace-gas site established by the National 
Oceanic and Atmospheric Administration (NOAA) 
close to the summit of the volcanic island of Pico 
(elevation 2350 m) some 60 km south of Graciosa 
(see, e.g., Honrath et al. 2004). This suite included 
a Multifilter Rotating Shadowband Radiometer 
TABLE 2. Key AMF remote sensing instrumentation deployed during the CAP-MBL deployment of the ARM 
Mobile Facility at Graciosa from Apr 2009 to Dec 2010.
Instrument Key derived parameters Resolution/range Availability
95-GHz profiling radar 
(WACR)
i) Cloud and precipitation 
vertical structure
ii) Cloud-top height
iii) Drizzle drop size distribution 
using both Doppler spectral 
measurements (Frisch et al. 1995; 
Luke and Kollias 2013) and with 
Vaisala ceiloemter below the 
cloud base (O’Connor et al. 2005)
Resolution: 43 m
Time: 2 s
Max range: 15 km
Operational 5 Jun 2009–end
No data 1–25 Sep 2010 [see 
Rémillard et al. (2012) for 
sampling statistics]
Vaisala Ceilometer (VCEIL) 
and MPL
i) Cloud-base height
ii) Cloud cover
iii) Precipitation profiling below 
the cloud base (with radar)
iv) Cloud visible optical 
thickness in all-sky conditions
Resolution: 15–30 m
Time: 30–60 s
Max range: ~5 km
VCEIL operational 13 Apr 
2009–end
MPL operational 11 Apr 
2009–end [see Rémillard et al. 
(2012) for sampling statistics]
Microwave radiometer: 
23/31/90 GHz
i) Cloud liquid water path
ii) Column water vapor path
Time: 20 s Operational 27 Apr 2009–end 
[see Rémillard et al. (2012) for 
sampling statistics]
Radar wind profiler (RWP) i) Horizontal wind profiles
ii) Virtual temperature profiles
Time: 6 min Operational 1 May 2009–end
Visible spectral radiometers:
MFRSR,
Narrow field-of-view (NFOV),
and Sunphotometer
i) Cloud visible optical 
thickness: used to infer cloud 
microphysical properties (droplet 
concentration, effective radius) in 
combination with MWR
ii) Aerosol optical properties in 
clear skies
Time: 20 s (MFRSR) MFRSR operational 5 May 
2009–end
NFOV operational 20 Aug 
2009–end
Sunphotometer operational 
1 May 2009–18 Apr 2011
Atmospheric Emitted Radiance 
Interferometer (AERI)
Cloud LWP estimates for thin 
clouds [combined with MWR, 
following Turner (2007)]
Spectral: 3–19.2 µm  
with 3.3–36-nm resolution
Time: 6 min
Operational Apr–Jun 2009 
and Dec 2009–Dec 2010
Broadband radiometers Downwelling shortwave and 
longwave radiative fluxes used 
to constrain the surface energy 
budget
Time: 1 min Operational 15 Apr 2009–end
Total sky imager (TSI) Cloud coverage and type Time: 30 s Operational 14 Apr 2009–end
when solar elevation > 5°–10°
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(MFRSR) and broadband shortwave and longwave 
radiometers. The scientific objective of this deploy-
ment was to measure the radiative fluxes and aerosol 
optical thickness above the marine boundary layer 
clouds and thereby provide a constraint that could 
be used in conjunction with surface radiation mea-
surements at Graciosa to directly measure the cloud 
optical thickness in broken cloud fields.
The surface and in situ measurements are comple-
mented by analyses of 3-km Meteorological Satellite-9 
(Meteosat-9) hourly images from the Spinning 
Enhanced Visible and Infrared Imager (SEVIRI) 
instrument using the visible–infrared–shortwave–
infrared split window technique (see Minnis et al. 2011) 
over a domain bounded by 33°N, 43°N, 23°W, and 
33°W. The SEVIRI analyses yield a variety of cloud and 
radiative properties including cloud cover, liquid water 
path, optical thickness, effective radius, and cloud-top 
temperature and height (Minnis et al. 2008).
C LO U D  A N D  M E T E O R O LO G I C A L 
VARIABILITY. The specific CAP-MBL science 
questions (Table 1) include two focused on the 
impact of synoptic and seasonal variability on clouds 
and aerosols. To begin to address these, we note a 
marked seasonality in the surface pressure patterns 
near Graciosa (Figs. 2a,b). The winter season exhibits 
a strong meridional gradient of surface pressure 
between the semipermanent Icelandic low and the 
Azores high (Fig. 2a). Surface winds are predomi-
nantly from the southwest in January (Fig. 2c). The 
large values of the standard deviation of the 500-hPa 
geopotential height over this region indicate a sub-
stantial amount of variability in the winter-season 
storm track (Fig. 2a). Graciosa is usually either in 
the southern portion or to the south of individual 
winter-season midlatitude cyclone tracks. This is 
reflected in the satellite cloud fraction data, which 
show a seasonal peak in total cloud fraction in the 
winter (Fig. 2e).
During summer, the Icelandic low disappears and 
the Azores high pressure system strengthens (Fig. 2b), 
leading to reduced high and overall cloud cover (cf. 
Figs. 2e,f and 3) and an increased prevalence of fair 
TABLE 3. Key AMF in situ measurements obtained during the CAP-MBL deployment of the ARM Mobile 
Facility at Graciosa from Apr 2009 to Dec 2010.
Instrument Key derived parameters Resolution Comments
Balloon-borne sounding 
system (BBSS)
(i) Atmospheric profile of  
temperature, humidity, and winds
(ii) MBL depth
(iii) Inversion strength
Four soundings daily (0000, 
0600, 1200, and 1800 UTC)
Operational 16 Apr 
2009–end
Eddy correlation systems 
(ECOR)
Surface turbulent fluxes of latent and 
sensible heat
Time: 30 min Operational 15 Apr 
2009– 
11 Oct 2010
Surface temperature, humidity,  
pressure, winds, and precipitation rate 
(optical rain gauge)
Time: 30 s Operational 15 Apr 
2009–end; mounted 
on 10-m tower
Surface meteorological 
instruments
Total aerosol concentration > 10 nm 
diameter [condensation nuclei (CN) 
counter]
1 min
CCN spectra at seven supersaturations 
(nominally 0.1%, 0.2%, 0.3%, 0.5%, 0.8%, 
1%, and 1.1%) (Jefferson 2010)
Step through supersaturations, 
each sampled for 5 min
Surface aerosol observing 
system
Dry (low RH) and wet (scanning RH from 
40% to 90%) aerosol scattering (total 
and hemispheric backscattering) at three 
wavelengths (450, 550, and 700 nm) with 
1- and 10-µm size cutoff
1-min resolution of 30-min 
cycles between sub-1-um and 
sub-10-µm aerosol
Operational 14 Apr 
2009–end
Aerosol absorption [particle soot 
absorption photometer (PSAP)] at three 
wavelengths (450, 550, and 700 nm)
1-min resolution of 30-min 
cycles between sub-1-µm and 
sub-10-µm aerosol
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weather conditions. Surface wind speeds in July 
are weaker than in winter and the wind direction 
ranges from southwesterly to northeasterly (Fig. 2d), 
depending upon the exact position of the Azores 
high. The prevalent surface high pressure conditions 
are associated with substantially reduced variability 
in the 500-hPa geopotential height, implying that 
synoptic intrusions from 
high latitudes are far less 
frequent (Fig. 2b).
Figure 3a shows a time–
height cross section of re-
f lectivity from the ver-
tically pointing W-band 
radar for the entire cam-
paign, showing the range 
of conditions as a result of 
synoptic and seasonal vari-
ability. Strong ref lectivity 
at low levels, indicative 
of significant precipita-
tion, tends to occur during 
October to May and is often 
associated with relatively 
deep systems, in some cases 
extending all the way to the 
tropopause. Interestingly, 
the seasonal cycle in the height of the tropopause is 
strikingly evident. Low clouds are common through 
the entire year with an annual average coverage of 
approximately 50% (Rémillard et al. 2012; Dong et al. 
2014a). The primary modulation of the seasonal cycle 
of overall cloudiness is driven by different synoptical 
systems (Rémillard et al. 2012; Dong et al. 2014a). 
FIG. 2. Mean 1000-hPa geopotential heights (color-filled contours) for (a) Jan and (b) Jul generated from the 
0000 UTC ECMWF interim reanalysis (ERA-Interim) fields (Dee et al. 2011). Contours of the standard devia-
tion of the 500-hPa geopotential heights (m) are overlaid to indicate variability in the storm track. Surface 
wind roses for (c) Jan and (d) Jul. Maps of MODIS mean (e),(f) total and (g),(h) liquid phase cloud fraction for 
the (e),(g) Dec–Feb (DJF) and (f),(h) Jun–Aug (JJA) seasons. Cloud fraction is derived on 1° × 1° areas averaged 
over each 3-month season for the years 2002–12 using the collection 51 Aqua MODIS cloud phase infrared day 
histogram counts product. Day and night observations are combined. The star in the cloud fraction panels de-
notes the location of Graciosa Island. A 3 × 3 pixel median smoothing filter was applied to the data to remove 
orbit swath edge sampling artifacts.
FIG. 3. (a) Height–time series of vertically pointing W-band radar reflectivity 
for the entire deployment. Radar data for much of September 2010 are 
missing. (b) Monthly low and high cloud cover determined using the W-band 
ARM Cloud Radar (WACR) and ceilometer dataset, as described in Rémillard 
et al. (2012).
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Despite slightly fewer low clouds during summer 
[more low liquid clouds are observed from space 
during summer (Figs. 2g,h) because of the reduced 
masking by high clouds], wintertime low clouds are 
frequently associated with deeper synoptic systems, 
and so the incidence of fair weather low clouds (stra-
tocumulus and cumulus with no clouds above) is 
greatest in summer when the static stability is greatest 
(Rémillard et al. 2012; Dong et al. 2014a). This makes 
the less disturbed summertime environment a more 
useful time to focus on the key science goals of CAP-
MBL (Table 1), which will be easier to address when 
low clouds are exclusively present.
An analysis of the frequency of occurrence of dif-
ferent weather states derived through a cluster analy-
sis of cloud property distributions [Fig. 4, based on 
Tselioudis et al. (2013)], indicates that the Azores expe-
rience the range of different weather states with a simi-
lar frequency to that experienced globally. The Azores 
experience the low-cloud weather states somewhat 
more frequently than the planet as a whole with fewer 
instances of clear skies and fair weather conditions 
and more frequent occurrences of trade cumulus and 
stratocumulus, and this probably reflects the marine 
environment. The Azores also experience a range of 
middle- and high-level clouds that do not occur fre-
quently in other stratocumulus regions, highlighting 
the complexity of the meteorological influences on 
clouds in the region. This is a result of the location of 
the Azores in the transition between the subtropical 
and midlatitude dynamic 
regimes, which also makes 
the location a particularly 
useful one to both study 
cloud changes in such dy-
namical transitions and test 
the ability of models rang-
ing from cloud-resolving 
models to global climate 
models (GCMs) to simulate 
those cloud changes.
Although an excellent 
site for studying low clouds, 
Graciosa experiences a 
much greater degree of 
meteorological variabil-
ity than is found in the 
subtropical stratocumu-
lus sheets and the tropi-
cal trades that have been 
the subject of much recent 
research (e.g., Rauber et al. 
2007; Mechoso et al. 2014). 
This is exemplified by a common meteorological 
metric called the estimated inversion strength (EIS), 
which is a bulk measure of the strength of the bound-
ary layer capping inversion based on the average static 
stability between the surface and 700 hPa (Wood and 
Bretherton 2006). Figure 5 compares histograms of 
EIS summer when the low-cloud amount peaks, as 
derived from CAP-MBL soundings with those from 
soundings taken from ships over the southeastern 
Pacific subtropical stratocumulus region during the 
peak low-cloud season (austral spring) during the 
Variability of American Monsoon Systems (VAMOS) 
Ocean–Cloud–Atmosphere–Land Study (VOCALS; 
de Szoeke et al. 2012). One can immediately see that 
during summertime Graciosa experiences a wider dis-
tribution of EIS values and a lower mean EIS than does 
the southeastern Pacific. There is actually very little 
overlap of the EIS distributions. The weaker inversions 
over Graciosa help explain why the low cloud cover 
during summer (~50%; Rémillard et al. 2012; Dong 
et al. 2014a) is significantly less than that over the 
southeastern Pacific. The weaker and more variable 
inversions are also manifested in a much greater spread 
in the heights of summertime boundary layer clouds 
during summer over Graciosa compared with the 
southeastern Pacific region during VOCALS (Fig. 6).
AEROSOL AND CLOUD MICROPHYSICAL 
VARIABILITY AND AIRMASS ORIGINS. The 
Azores are influenced by a wide variety of air masses. 
FIG. 4. Frequency of occurrence of different weather states determined using 
passive and active cloud sensors at the Azores (solid) and for the globe as a 
whole (dotted) (from Tselioudis et al. 2013).
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The subtropical lower troposphere largely experiences 
conditions of large-scale subsidence in which the 
MBL is continually being diluted by free-tropospheric 
(FT) air with a supply time scale of several days. The 
surface air therefore typically includes particles that 
have been entrained into the MBL over several days. 
It is therefore challenging to attribute the aerosol 
concentration measured 
at a given time to a single 
source. That said, daily 
trajectories during summer 
2009 (Fig. 7) are useful for 
revealing the diversity of air 
masses arriving at Graciosa, 
which predominantly have 
North American, subtropi-
cal Atlantic, and North 
Atlantic origins if traced 
back 10 days. This diver-
sity yields strong variabil-
ity in the concentration of 
cloud condensation nuclei 
(CCN). Some high CCN 
concentration events can be 
traced back to trajectories 
passing over industrialized 
regions of North America 
at low levels (Fig. 8b). Rela-
tively high CCN concentra-
tions indicative of pollu-
tion influence can even be 
found in air masses that, 
according to trajectory analysis, have been confined 
to the marine subtropical environment for the previ-
ous 10 days (Fig. 8a). This likely occurs because the 
MBL entrained significant layers of pollution from the 
FT during its excursion around the meandering sub-
tropical high. Initial attempts to construct composite 
trajectories for different aerosol loadings have not been 
fruitful because such a diverse range of trajectories 
are found for any given loading. This indicates just 
how challenging it is to determine how the synoptic 
meteorological variability impacts aerosols (Table 1).
Besides synoptic-scale variability in aerosols at 
Graciosa, there are also interesting seasonal variations 
in cloud and aerosol microphysical properties that 
are observed with a number of different sensors. The 
CAP-MBL deployment provided the first opportunity 
for comprehensive characterization of the seasonal vari-
ability in aerosol and cloud microphysical properties in 
the Azores (Dong et al. 2014a and 2014b). Prior to this, it 
was known from gas phase measurements taken in the 
FT on Pico (Fig. 1d) that pollution and biomass burn-
ing aerosols from North America frequently reach the 
remote North Atlantic region (Honrath et al. 2004) with 
a distinct springtime maximum in the key indicator of 
combustion, carbon monoxide (Val Martin et al. 2008).
The seasonal cycle of cloud droplet concentra-
tion (Nc) estimates (Fig. 9a) shows a spring/summer 
maximum and a minimum during winter, although 
FIG. 6. Cloud occurrence frequency as a function 
of height for Graciosa during JJA (solid) and from 
the southeastern Pacific during the VOCALS field 
campaign (dashed; Burleyson et al. 2013).
FIG. 5. Histogram counts of EIS (Wood and Bretherton 2006) in 1-K bins from 
summertime (JJA) CAP-MBL 2009 and 2010 soundings (red bars) and VOCALS 
2008 (Oct–Nov; gray bars). The right axis shows cumulative distributions of 
EIS for all of CAP-MBL (blue line) and VOCALS (gray line).
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different estimates yield somewhat different annual 
cycles, an issue that needs further assessment by 
direct comparison of retrievals for individual cases 
and by comparison with in situ data from aircraft. 
It is encouraging that all three Nc estimates have 
similar annual-mean values and that the Nc cycle 
agrees qualitatively with the annual cycle of CCN 
concentration, especially at low supersaturations 
(Fig. 9b). This provides some preliminary evidence 
that the key processes involved in the Twomey 
effect are in operation in these clouds, which is 
one of the key scientific questions of CAP-MBL 
(Table 1). Determining the exact annual cycle of Nc 
using surface and satellite remote sensing requires a 
FIG. 7. Clusters of trajectories arriving at Graciosa during the summer period (May–Aug 2009) showing the 
three primary clusters representing (a) North American, (b) Arctic/northern European, and (c) recirculating 
Azores high flow. The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) IV model (Draxler 
and Rolph 2003) was employed and 10-day back trajectories ending at Graciosa 500 m above mean sea level 
were run every day for Apr–Sep 2009. NCEP Global Data Assimilation System (GDAS) meteorological data 
including model vertical velocity are used to determine the trajectory motion. A cluster analysis was then 
performed on the resulting back-trajectory set (e.g., Toledano et al. 2009) and a three-cluster solution was 
found to capture most of the variance.
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longer data record than is available from CAP-MBL 
and a more systematic comparison between different 
retrieval approaches than has been attempted thus far.
There are well-defined springtime peaks in sub-
micron aerosol scattering (Fig. 9c) and aerosol optical 
depth (AOD) at Graciosa during CAP-MBL (Fig. 9d). 
FIG. 8. (a)–(d) Four examples of 10-day airmass back trajectories (see Fig. 7 caption for details) arriving at 
Graciosa during May 2009, reflecting characteristic air masses. Each of the four panels show the trajectory map 
(top) and height (bottom) with ticks every 12 h. (middle) CCN supersaturation spectra time series measured 
at Graciosa during the same month.
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Boreal spring favors transport from industrialized 
continental areas because of strong zonal westerlies 
and increased lofting of pollutants by cold fronts 
extending southward from midlatitude cyclones 
(Liang et al. 2004; Zhao et al. 2012). Although trans-
port from continents is expected to be favored during 
the spring months, a picture consistent with the spring 
maximum in carbon monoxide (CO; Fig. 9d) there is 
also the possibility that reduced precipitation sinks 
during summertime also help to control the seasonal 
variability. Springtime aerosol maxima have also been 
observed over the Pacific at Mauna Loa (Bodhaine 
1996; Andrews et al. 2011), and modeling studies 
indicate peak zonal intercontinental aerosol transport 
during boreal springtime at all longitudes (e.g., Zhao 
et al. 2012). Aerosol extinction profiles derived from 
micropulse lidar (MPL) during CAP-MBL show that 
the excess aerosol scattering in spring at Graciosa is 
confined below approximately 1-km altitude (Kafle 
and Coulter 2013). Supermicron aerosol scattering 
(difference between total and submicron scattering) 
exceeds the submicron scattering by a factor of 2–5 
(Fig. 9c), with the greatest scattering during winter and 
spring, broadly consistent with greater sea salt aerosol 
flux as wind speed increases (Figs. 2c,d).
Although the lack of enhanced FT scattering 
during springtime could lead one to conclude that 
long-range transport is not responsible for the spring-
time maxima in aerosol loading at Graciosa, it is 
important to point out that free-tropospheric aerosols 
are typically smaller than those in the PBL and so 
their scattering signature is relatively weak and falls 
below the detection limit for spaceborne and most 
surface lidars. Despite this, when these particles are 
entrained into the PBL they grow because of aqueous 
phase deposition of sulfur species and they grow 
hygroscopically because of the high relative humidity 
in the boundary layer compared with the FT (Clarke 
et al. 2013). Aerosol single scattering albedo mea-
surements during CAP-MBL (not shown) indicate 
that aerosols are more absorbing during springtime, 
consistent with the idea that combustion aerosols 
from North America are potentially influential on the 
remote Atlantic during this season (Logan et al. 2014). 
PRECIPITATION AT GRACIOSA. Understand-
ing the factors controlling precipitation, especially 
FIG. 9. Composite seasonal cycles (using all available 
data) of (a) cloud droplet concentration retrieved using 
the transmitted solar irradiance and microwave radi-
ometer (MWR) LWP (squares; Dong et al. 1998), from 
the MPL solar background light (Chiu et al. 2007) and 
MWR (black line) and from MODIS (red line; 1° × 1° box 
encompassing Graciosa, for all years: 2001–10; Platnick 
et al. 2003). (b) Surface CCN concentrations at four 
supersaturations. (c) Aerosol total and submicron dry 
extinction. Boxes span the 25th and 75th percentiles 
of the data with red bars indicating medians and the 
crosses indicating means. (d) Monthly-mean aerosol 
optical depth and 25th, 50th, and 75th percentile values 
from the Cimel sunphotometer (red) and mean values 
from MODIS (black). The composite seasonal cycle of 
carbon monoxide measured at the Pico mountain sta-
tion from 2002 to 2005 is also shown (see Val Martin 
et al. 2008).
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precipitation falling from clouds in the MBL, is one of 
the main scientific questions being addressed by CAP-
MBL (Table 1). Remarkably, the W-band radar shows 
that detectable precipitation echoes are present below 
the cloud base for approximately half of all clouds at 
Graciosa (Rémillard et al. 2012). The near ubiquity 
of precipitation at the site is surprising given that 
the clouds are typically thin and often contain quite 
low condensate amounts. Precipitation at Graciosa is 
associated with clouds of all altitudes (Figs. 10a,b) such 
that clouds with top heights between 1 and 11 km all 
contribute roughly equally to surface precipitation in 
the annual mean. Even though low clouds produce 
relatively weak surface precipitation, they occur in 
sufficient quantity (Fig. 10c) that their precipita-
tion is climatologically important. In summertime, 
FIG. 10. Characteristics of precipitation reaching the surface at Graciosa. (a) Cumulative contribution to surface 
precipitation accumulation from clouds with tops exceeding the value shown on the abscissa, using different 
approaches. The solid line shows precipitation determined by the rain gauge and cloud-top height estimated with 
W-band ARM cloud radar (WACR) for columns that are not completely attenuated and satellite-determined IR 
cloud-top height from SEVIRI for attenuated columns. Filled circles are from CloudSat. (b) Composite seasonal 
cycle of precipitation from 21 months of the deployment (blue bars) and the cloud-top height corresponding 
to percentiles of total precipitation accumulation. For example, the filled circles indicate the cloud-top height 
for which 50% of the total precipitation is associated with shallower clouds. (c) Cloud-top height distributions 
corresponding to 30-s periods where the surface precipitation exceeds 10 mm day–1. The black solid line shows 
cloud tops from the WACR only and the dotted line shows those from WACR–SEVIRI merged, both for annual 
data. The red curve shows the corresponding plot for JJA. (d) Contribution to surface accumulation from 
precipitation rates exceeding the abscissal value.
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most precipitating clouds have tops lower than 5 km 
(Figs. 10b,c). Approximately 20% of the surface pre-
cipitation (~1 mm day–1 out of an annual mean of 
~5 mm day–1) originates from clouds with tops below 
3 km (Fig. 10a). During the months of June–August, 
clouds with tops below 4 km contribute more than 
half of all surface precipitation (Fig. 10b); surprisingly, 
this is also the case in late winter. The cumulative 
contribution to precipitation as a function of quasi-
instantaneous (30 s) rain rate (Fig. 10d) indicates that 
20% of precipitation accumulation is associated with 
conditional precipitation rates lower than ~3 mm h–1. 
An accurate accounting of the precipitation climatol-
ogy at Graciosa must therefore include light precipita-
tion from relatively shallow cloud systems.
INTERACTIONS BETWEEN CLOUDS, 
AEROSOLS, AND PRECIPITATION. A feature 
of the CAP-MBL deployment is the ability to simul-
taneously observe clouds, aerosols, and precipitation 
and to understand how these variables interact with 
each other. Interactions are two way, with aerosols 
potentially impacting precipitation most likely via 
the suppression of warm rain (Albrecht 1989), but in 
turn aerosols are strongly scavenged by precipitation, 
even in the relatively weak drizzle from low clouds 
(Wood 2006; Duong et al. 2011). Indeed, climato-
logical aerosol concentrations over the remote oceans 
may be determined by warm rain processes (Wood 
et al. 2012). The CAP-MBL deployment’s continu-
ous record allows for greater statistical reliability in 
the observed relationships between aerosols, clouds, 
and precipitation than is possible with aircraft but 
retains the advantages of in situ sampling of aerosol 
properties that are difficult to constrain with satellite 
data. That said, the Azores exhibit stronger synoptic 
variability than is found in the subtropical/tropical 
marine low-clouds regions, making the separation of 
aerosol effects on clouds from those caused by meteo-
rological forcing somewhat more challenging than in 
other regions dominated by low clouds. Because the 
summertime is less synoptically variable and contains 
more single-layer low clouds than the winter (Dong 
et al. 2014a), it makes the summer a more productive 
starting point for analyses.
We i l lustrate a variety of aerosol–cloud–
precipitation interactions using two case studies. First, 
we highlight a case where very low observed aerosol 
concentrations coincide with shallow, precipitating 
MBL clouds. Very low aerosol concentration events 
are a regular occurrence over the southeastern Pacific 
(Terai et al. 2014), where they tend to be associated 
with changes in the large-scale cloud morphology 
and particularly the occurrence of open mesoscale 
cellular convection, which frequently occurs in the 
form of pockets or rifts within otherwise overcast 
stratocumulus (Stevens et al. 2005; Wood et al. 2008). 
According to a satellite-derived climatology, open 
mesoscale cellular convection occurs approximately 
15% of the time during periods free of high clouds at 
the Azores (Muhlbauer et al. 2014). Factors controlling 
the preferred mesoscale morphology and transitions 
between different types of morphology are one of the 
key CAP-MBL science questions (Table 1). Figure 11 
shows a case where a rift of open cells advects over 
Graciosa on 8–9 August 2009. The passage is marked 
by reductions in CCN concentrations that are close 
to an order of magnitude (Fig. 11b). Ship tracks can 
be seen in the satellite image within the rift, a region 
where SEVIRI retrievals show cloud droplet effective 
radii exceeding 20 µm (Fig. 11a). The ship tracks are 
also evident as lines of relatively small effective radius 
values in the rift (Fig. 11a). Immediately prior to the 
passage, clouds in the boundary layer were drizzling 
(Fig. 11e), although it is not clear if this precipitation 
influences the CCN concentrations in the rift itself. 
Strong aerosol depletion events have been observed in 
the tropics and subtropics (Clarke et al. 1998; Wood 
et al. 2008; Sharon et al. 2006; Petters et al. 2006) and 
in the Arctic (Mauritsen et al. 2011), with the likely 
cause in each case being precipitation scavenging. 
Strong CCN depletion events occur quite frequently 
at the Azores and typically occur under conditions 
of light southerly winds and weak warm advection. 
It is important that we better understand the factors 
controlling the clean marine background aerosol and 
its variability because climate model experiments 
show that the strength of the global aerosol indirect 
effect is strongly sensitive to the preindustrial aerosol 
conditions (Hoose et al. 2009; Ghan et al. 2013).
Figure 12 shows a case of overcast marine strato-
cumulus with variable precipitation over the course 
of four hours on 7 November 2010. CCN concentra-
tions are fairly steady between 1245 and 1600 UTC. 
The cloud liquid water path (LWP) varies consider-
ably and appears to be a primary modulator of the 
cloud-base precipitation rate including periods of 
virga as well as precipitation of several millimeters 
per day at its heaviest between 1300 and 1400 UTC. 
Interestingly, in the early part of the record shown 
in Fig. 12, the cloud droplet concentration and 
CCN levels are higher; so, despite LWP values of 
100–200 g m–2 between 1200 and 1300 UTC (similar 
to those between 1400 and 1500 UTC), little precipi-
tation is falling. This is suggestive of a potential sup-
pression of precipitation by increased aerosols as has 
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been observed in other stratocumulus cloud regimes 
(Geoffroy et al. 2008; Sorooshian et al. 2010; Terai et 
al. 2012). Indeed, the entire CAP-MBL data record 
has been used to quantify the extent of this suppres-
sion (Mann et al. 2014), demonstrating the utility of 
the long AMF dataset for studying the influence of 
aerosols on precipitation.
CONFRONTING MODELS. A primary motiva-
tion for the Graciosa measurements is to facilitate the 
improvement of climate and weather forecast models 
(Table 1; Ahlgrimm and Forbes 2014). Other model-
ing groups are also making various uses of CAP-MBL 
data, as detailed in Table 4.
The current skill of a few climate and weather 
forecast models in hindcasting clouds and aerosols 
at Graciosa is briefly analyzed below to illustrate the 
value of this approach for comparing with the cur-
rent measurements and to frame the opportunities 
for future improvement of these models using more 
detailed analyses. The variety of clouds at Graciosa 
is a good test of the moist physical parameterizations 
in these models. In addition, precipitation and cloud 
processing can have major impacts on boundary layer 
aerosol concentration and size distribution. Hence, 
for models with prognostic aerosols, a meaningful 
comparison of the simulated aerosol with Graciosa 
observations requires a good simulation of the pre-
cipitation and cloud in the region.
Operational global weather forecasts using the 
European Centre for Medium-Range Weather Fore-
casts (ECMWF) and National Centers for Environ-
mental Prediction (NCEP) Global Forecast System 
models were sampled at the nearest grid point to the 
Graciosa site at their native vertical resolution. Two 
GCMs, the Community Atmosphere Model, version 
5 (CAM5) and the Geophysical Fluid Dynamics 
Laboratory (GFDL) Atmospheric Model, version 
3.9 (AM3.9), were run in a hindcast mode (Phillips 
et al. 2004). Five-day global forecasts were initialized 
from daily 0000 UTC ECMWF analyses for 1 June– 
30 November 2009 interpolated to the climate model 
FIG. 11. (a) MODIS visible image on 8 Aug 2009 (1240 UTC) showing rift feature containing small open cells 
and ship tracks in a shallow boundary layer about to cross Graciosa. Overlaid in transparency are the SEVIRI 
droplet effective radius retrievals showing especially large droplets in the rift. Time series (7–10 Aug) of (b) 
CCN concentrations at 0.12% and 0.4% supersaturation and total aerosol concentration, respectively; (c) frac-
tion of time during each hour that clouds and drizzle are detected overhead; (d) liquid water path, with error 
bars indicating variability using standard deviation; and (e) radar reflectivity (colors), cloud base (black-filled 
circles), inversion base (blue open circles), and inversion top (blue-filled circles).
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grid. The ECMWF analy-
ses were produced for the 
Year of Tropical Convec-
tion project at a resolution 
of ~25 km. The initial prog-
nostic aerosol fields and 
land surface characteris-
tics for each GCM forecast 
were carried over from 
the previous 24-h forecast. 
To spin up these f ields, 
daily hindcasts were also 
performed for the entire 
year prior to the forecasts. 
The results we present use 
24–48-h forecasts, to avoid 
the initial spinup impacts 
from the ECMWF analysis.
Both climate models 
have much coarser hori-
zontal grids than the weather forecast models. Only 
the ECMWF model has a grid fine enough to begin to 
resolve Graciosa Island itself. Hence, model errors in 
clouds and aerosols may arise not just from the simu-
lated cloud and aerosol physics but also from errors 
in the small-scale circulations and island-scale flow.
The CAM5 and GFDL models both use prognos-
tic aerosol schemes including representations of the 
interactions of clouds and aerosols. The ECMWF 
model also includes an aerosol transport scheme, but 
it is not allowed to affect the physical forecasts. The 
NCEP model does not include an aerosol scheme. 
We also did not archive accumulated precipitation or 
vertically resolved cloud cover from this model, so it 
could not be included in the plots below.
We analyze the simulated clouds and aerosols 
during a rainy month (November 2009) and a dry 
month (August 2009). Figure 13 compares the 
FIG. 12. Time series of (a) CCN (red) and retrieved cloud droplet concentra-
tion Nc (blue); (b) liquid water path (blue) and cloud-base precipitation rate 
(red); and (c) precipitation rate as a function of height (also shown are radar-
determined cloud tops and ceilometer cloud bases), for a case of low clouds 
observed on 7 November 2010.
TABLE 4. Modeling projects using AMF Azores datasets.
Modeling project Model type and research group
High-resolution modeling with explicit aerosol 
representation to examine detailed microphysical 
processes observed with WACR; evaluation of new 
parameterization of clouds in climate models
• Distributed Hydrodynamic Aerosol and Radiative Modeling 
Application (DHARMA) large-eddy simulation (LES) and 
Goddard Institute for Space Studies (GISS) surface GCM
• Andrew Ackerman and George Tselioudis (NASA GISS)
Cloud-resolving model simulations in 2D and 3D at 
relatively low resolution for entire deployment period
• System for Atmospheric Modeling (SAM)
• Steve Krueger (University of Utah)
Eddy-resolving and regional models for particular cases 
during deployment to examine relative importance of 
meteorology and aerosols in driving cloud and precipitation
• Coupled Ocean–Atmosphere Mesoscale Prediction System 
(COAMPS) and/or Weather Research and Forecasting Model (WRF)
• David Mechem (University of Kansas)
Compare cloud, aerosol, and precipitation properties 
extracted from global GCMs with in situ measurements
• CAM5 and GFDL AM3.9
• Cecile Hannay [National Center for Atmospheric Research 
(NCAR)]; Yanluan Lin (GFDL)
Use selected cases to compare single-column version of 
a climate model with a cloud-resolving model to examine 
sensitivity of clouds to aerosols
• CAM5 and LES
• Joyce Penner (University of Michigan)
Use selected cases to evaluate turbulent mixing, 
microphysical process rates, and precipitation 
susceptibility in single-column versions of a climate model
• CAM5 and CAM Cloud Layers Unified by Binormals (CAM-CLUBB)
• Robert Wood (University of Washington)
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accumulated precipitation over the course of each 
month observed by the AMF tipping-bucket rain 
gauge with that predicted by the 12–35-h ECMWF 
forecasts and the 24–48-h forecasts for the two 
GCMs. This is a necessarily imperfect comparison of 
a point measurement, possibly affected by the island 
terrain, with a gridcell-mean value. Nevertheless, 
all the models are able to predict which days will be 
relatively rainy, and their monthly accumulations lie 
within a factor of 2 of the observations. This suggests 
that they capture most of the synoptic-scale vari-
ability that might be expected to drive the day-to-day 
variations of clouds and aerosols and furthermore 
that hindcasts using the climate models with interac-
tive aerosol have a chance of simulating the effects of 
precipitation scavenging on the aerosol population 
observed at Graciosa.
Figure 14 compares time–height sections of 
lower-tropospheric cloud cover simulated by the three 
models with the cloud boundary product derived 
from the AMF vertically pointing cloud radar and 
lidar. During both months, all three models skillfully 
distinguish shallow and deeper cloud regimes, though 
the AM3 cloud height appears less variable than ob-
served during the dry month (August). The periods 
with cloud extending above 4 km usually correspond 
to rain events. These plots reiterate the potential for 
using a more in-depth comparison of global models 
with this dataset to improve their performance across 
a range of cloud types that is different than sampled 
at long-running midlatitude supersites in the United 
States and Europe.
Figure 15 compares aerosol sampled at ground level 
at Graciosa with that simulated by the two climate 
models. The daily-mean CCN concentration at a 
supersaturation of 0.1% is shown, which we showed 
earlier (Figs. 9a,b) is a reasonable proxy for the bound-
ary layer cloud droplet concentration. The models, 
l i ke t he obser vat ions , 
show higher mean CCN 
in August than December, 
though both models tend 
to overestimate CCN on 
average. During each of 
the two months shown, the 
observed CCN concentra-
tion varies by an order of 
magnitude, and the models 
show similar overall levels 
of variability. The temporal 
correlation coefficients of 
daily-mean log(CCN) be-
tween the models and the 
observations are positive for both models during both 
months. However, they are not very large. Given N = 
30 daily values, with estimated 1-day lagged autocor-
relation of r1 = 0.65 for the models and r1 = 0.4 for the 
observations, the effective number of independent 
samples per month is 
 N* = N(1 – r1r2)/(1 + r1r2) = 18
(Bretherton et al. 1999). With this sample size, the 
correlation coefficient between a model and the 
observations must exceed 0.4 to be significant at 95% 
confidence using a one-sided test; each model exceeds 
this level in one of the two analyzed months.
Overall, we conclude that the tested global 
models are simulating strong precipitation events 
and the time-varying vertical cloud distribution at 
Graciosa fairly well, but aerosol concentrations less 
skillfully. This suggests room for improvement in 
the parameterization of aerosol processing by clouds 
or in marine aerosol sources or errors in long-range 
aerosol transport. By focusing on particular events, 
the Graciosa measurements should be useful for sepa-
rating these sources of error to provide information 
specific enough to stimulate improvement of model 
simulations of aerosol, cloud, and precipitation in 
remote marine regions.
SUMMARY AND FUTURE WORK. The obser-
vations collected during the 21-month CAP-MBL de-
ployment of the AMF on Graciosa Island in the Azores 
comprise the longest dataset of its type collected to 
date in an extratropical marine environment. This 
paper described some of the key characteristics of 
the clouds, meteorology, aerosols, and precipitation 
at the Azores, including the seasonal cycle; diverse 
range of airmass histories; strong synoptic meteo-
rological variability compared with other low-cloud 
regimes; and important bidirectional interactions 
FIG. 13. Accumulated precipitation during the relatively dry month of Aug 2009 
and the wetter month of Nov 2009. Black shows rain gauge measurements at 
the Graciosa AMF site, whereas the colors show model results interpolated 
to the site location from gridcell means.
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between aerosols, clouds, 
and precipitation.
Although low clouds 
are the most frequently 
occurr ing c loud t y pe , 
Graciosa is witness to a 
range of cloud types that 
are almost as diverse as 
those over Earth as a whole, 
making the site an excel-
lent choice for continued 
measurements by ARM. 
However, these ground-
based measurements and 
retrievals must be validated 
by aircraft in situ measurements in order to provide a 
ground truth for validating the satellite observations 
and retrievals and to provide model evaluation data. 
In addition, the island site does not allow representa-
tive measurements of the surface heat and moisture 
fluxes over the ocean, but buoy measurements near 
FIG. 15. Daily-mean CCN concentration at 0.1% supersaturation for the models 
and as measured at the Graciosa site. The colored numbers for each month 
are temporal correlation coefficients between log(CCN) for each model vs 
the observations.
FIG. 14. Time–height plots of daily-mean lower-tropospheric cloud fraction simulated by models and AMF 
observations (based on the CloudNet cloud mask; Illingworth et al. 2007) for the dry and wet months.
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Graciosa could potentially provide these. Given the 
great variety of aerosol, cloud, and precipitation 
conditions, the data from CAP-MBL and from the 
permanent site (in operation as of late 2013 and 
most of the instruments were fully functional in late 
2014) will continue to challenge understanding and 
provide an unprecedented dataset for the evaluation 
and improvement of numerical models from cloud-
resolving ones to global weather and climate models.
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